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Siiimaaiy 

Biplane cellules using the N.A.G.A.-M6 airfoil section 
have been tested in the variable density wind tunnel of .the 
National Advisory Committee for Aeronautics. Three oellviles, 
differing only in the amount of stagger, were tested at two air 
densities, corresponding to pressures of one atmosphere and of 
twenty atmospheres. The range of angle of attack was from -2° 
to +48°. The effect of stagger on the lift and drag, and on 
the shielding effect of the upper wing hy the lower at high an- 
gles of attack was determined. 

Introduction 

Confirmations of the hiplane theory, and the various empir- 
ical biplane corrections in general use, have for the most part 
been obtained in atmospheric wind tunnels. The present series of 
tests was conducted in order to find what effect the dynamic 
scale has on the aerodynamic oharacteristios, of biplane cellules 
similar to those in general use, and to determine the advisabil- 
ity of a moie extended biplane reseaxch in the variable density 
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wind t-unnel. . It was also desired to find the effect of positive 
stagger at large angles of attack, for use in" the study of 

stalled flight and tail spins. 

Method and Apparatus 

Two dxiralumin models of the N.A.O.A.-MS airfoil, having 5- 
inch chord and 30-inoh span, were assembled on duralumin N-struts 
to form the "biplane cellule. Three sets of N-struts, designed to 
give staggers of zero, 15 degrees and 30 degrees, were used. As 
will be seen in Figure 1, the airfoils were made with trailing 
edge flaps. The flap hinges were pinned in the neutral position 
for these tests, giving the normal M6 airfoil except for the 
slight groove at the hinge. 

The model was mounted in a manner similar to that generally 
used in this tunnel, described in Reference 1. In order to reach 
angles of attack of 48 degrees, the vertical supports were hinged 
at points 15 inches below the point of attachment to the lower 
wing of the cellule. Streamlined shields fastened to the timnel 
floor were placed over the part of the supports below the hinge. 

Two runs were made on the cellule for each set of N-struts, 
using pressures in the tank enclosing the tunnel (Reference l) 
of one atmosphere and twenty atmospheres. The angle of attack 
was varied from -2° to +32° by 2° intervals, and from .+32° to 
+48*^ by 4° intervals. Since the counterweight on the drag bridge 
of the balance (Reference l) was \nsufficient for the drags ob— 
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tained at the higher angles, the twenty-atmosphere runs were 
made in. two parts. The first, with the normal counterweight 
covered the lower angles, up to values of the gross drag of 45 
kg (99.2 lb.). For the second part an additional counterweight 
of 50 kg (110.2 lb.) was placed on the drag bridge, and the test 
continued to 48° angle of attack. The usual data, permitting 
computation of lift, drag, and pitching moment coefficients were 
obtained for each angle of attack. 



The data from the testa, reduced to absolute coefficients, 
will be found in Tables 1 to VI, The curves of Od, and l/d, 
plotted against lift coefficients as ordinates, are given for 
the one-atmosphere tests in Figure 2, and for the twenty-atmos- 
phere tests in Figure 3. Since the drag coefficients become 
very large at the higher angles, these figures only show the 
dtag curves to a few degrees past the burble point. The "true" 
polar oTiTves, i.e., with equal scales of lift and drag coeffici- 
ents, will be found for the full range of angles in Figures 4 
and 5. The curves of Ojj plotted against lift coefficient are 
given in Figure 6. 

Using the Prandtl correction for the tunnel walls (Refer- 
ence 2): 



Re suit s 



Ol^ S 

7T k^ b' 



(1 - 
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•wliexe Gj)^ = induced drag coefficient 

Gjj s= lift coefficient 

D =» throat diameter of tunnel = 60 in. 

S = area = 300 sq.in. 

k = iDiplEiaae coefficient = 1.11 

b = span = 30 In. 

Then the induced drag coefficient 



Substituting the above values • 

CD£ = ~- (•2284) » ^;882) .^^ 
the induced drag of the biplane in free air is 



This data is then directly applicable to a biplane in free 
air for which 

5he aspect ratio of one wing of a biplane with equal wings 
is =—§-, therefore the aspect ratio of one wing of the equiva- 
lent biplane in free air is -|g^ = 7,10. 

The value of k, which depends upon the span-gap ratio, is 
taken from Empirical data (Reference 3). Since a constant k is 
assumed the span-gap ratio of the equivalent biplane in free air 
will also be 6, tl^e same as that of the wind tunnel model. 
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The curves of profile drsig coefficient computed from the 
twenty atmosphere tests plotted against lift coefficient are 
shown in Figure 7. On this sheet is plotted also the profile 
drag coefficient for an M6, 5" x 30", monoplane tested at ap- 
proximately the same Reynolds Huml^er. The equations used to 
obtain the profile drag, corrected for tunnel wall effect by the 
Prandtl formula (Reference 3) are: 

Profile drag coefficient = C-q^ « Od - Cd^^ 

(for the biplane) *= (l - 

(for the monoplane) = ^ (l - ggs"/ 

Values of S, b*, and D are the same as given above; 
for the monoplane = 150 sq.in. Oj^ is plotted for each of the 
biplane arrangements using k = 1«3,1. For the condition of 
zero stagger G-q is also plotted using k = 1.15, as is ex- 
plained below. 

Discussion 

Figures 3 and 3 show that the drag coefficient, over the 
useful range of the airfoil, becomes greater with increasing 
stagger. This is particularly true at the higher lift coeffici- 
ents, which indicates that stagger increases the induced drag, 
probably because of the downwash of the upper wing affecting the 
lower wing more as the latter is displaced aft. The dynamic 
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scale seems to have little effect on this phenomenon. 

The order of maximum lift coefficient of the cellules is re- 
versed by increasing the scale from that of the one atmosphere 
test to that of the twenty. The unstaggered cellule shows the 
greatest majcimiiu lift coefficient at twenty atmospheres while the 
cellule with 30° stagger shows the greatest at one atmosphere. 
At very large angles of attack the lift coefficient and drag co- 
efficient hoth are increased hy increasing stagger, regardless 
of the scale of the test. This i& to be expected, since increas- 
ing stagger decreases the amount of shielding of the upper wing 
by the lower, thus increasing the resultant force. 

The coefficient of the moment about the quarter point of 
the mean chord of each cellule is nearly constant over the useful 
range of the lift coefficient. On account of the stable charac- 
teristics of the M6 airfoil the moment coefficient is very small 
in all cases. Increasing stagger has the effect of displacing 
the moment coefficient in the positive direction, for the range 
in which On is approximately constant. This is no doubt caused 
by the downwash of the upper wing acting on the lower, giving an 
effect somewhat like that of negative decalage. 

Figure 4 shows that the profile drag coefficient of the two 
staggered cellules, obtained by using the value 1,11 for k, 
agrees very well with test of the Wo monoplane. At values near 
zero lift the Od of the biplanes is higher than that of the 
monoplane, probably because of the drag and interference of the 
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N~strats, for urtiich no correction has "been made. Accurate deter- 
mination of the profile drag coefficient at the higher lift coef- 
ficients is more difficult, and the consequent scattering of 
points is of the same order as this difference at zero lift; 
however, the curves lie very close together imtil maximum, lift is 
approached. The agreement justifies the assutnption of this value 
of k for the two staggered cellules, since the experimental 
method of determining Is consists of chdosing one which will 
give a profile drag. curve checking that of a monoplane of the 
section in question. 

The Tonstaggered biplane, however, using k » 1.11, shows 
a much lower profile drag than the monoplane or the staggered 
"biplanes, for the range of 0^ between .5 and 1.2. The discrep- 
ancy, which increases with increasing OLi is so large that ap- 
parently the value of k = 1.11 gives too great induced drag 
for this cellule. The value of k required to bring this durve 
into agreement with the others, was determined, and found to be 
1.15, which is about the same as the theoretical maximum value 
of k for span-gap ratio 6 given in Reference 3. Using this 
value the profile drag curve of the unstaggered cellule agrees 
very well with those of the staggered cellules using k ='1.11, 
and of the monoplane. Consequently, it is only reasonable to 
conclude that the area of the equivalent air stream is actually 
larger for the imstaggered cellule than for those with stagger, 
resulting in a lower induced drag for a given lift coefficient. 
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The results of the twenty atmosphere test are directly appli- 
cable to a full scale biplpjie in free air of span-gap ratio 6, 
and aspect ratio of each v^ing of 7.10. They include the drag 
and interference of t-sro N-struts. 

While this set of tests is -not sufficiently cbmplete to be 
conclusive, it gives the following indications: that positive 
stagger increases the induced drag; that it decreases the maximum 
lift at Reynolds Numbers near full scale; and that it displaces 
the _ moment coefficient in the positive direction. Since these 
conclusions concerning lift and drag are directly contrary to 
the empirical corrections now in general use, further data is de- 
sirable, and a more extensive research on biplanes with various 
combinations of gap, stagger, and decalage will be made in the 
variable density tunnel in the near future; 

Langley Field, Va. , 
April 6, 1927, 
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HABLE I. 



M6 biplane 

Zero stEigger 

Av, tank press. = 1 atm. 

Av, dynamic press. =25. 2 kg/m^ 

Av. Reynolds Number = 173,000 

Av. temperature - 19*^0." 



Span = 30 in. (76.2 cm] 
Chord = 5 in. (l2.7 cm] 
Gap = 5 in. (12.7 cm) 
Effective aspect' rat io=7. 10 
Area = 0.1936 ?fy>;,^' 
Date = Nov. 24, 1926. 



Angle of 

attack 

degrees 


Lift 
coefficient 

Ol 


Drag 
coefficient 

.CD 


Ratio 
L/D 


Moment 
coefficient Ou 
(about 25^ mean 

. chord; 




-.044 


+.0220 


-2.00 


-.012 




+ - 05S 


-0186 


+3.01 


-.024 


4-2 


-203 


.0189 


10.75 


+.001 


4 • 


.356 


.0247 


14. "41 


-.007 


6 


.472 


.0524 


14.56 


-.013 


8 


.5&7 


.0413 


14.45 


-.025 


10 


.72B 


.0547 


13.25 


+.017 


12 




.0689 


11.81 


-.00^ 


14 


*8g6 


.0830 


10.79 


+ .011 


16 


,901 


.0994 


9.06 


.000 


18 


.888 


.1499 


5.92 


-.023 


20 


.810 


.2300 


3.52 


-.065 


22 


.718 


.2909 


2.47 


-.089 


24 


.693 


.3292 


2.10 


-.095 


26 


.675 


.3643 


■ 1.85 


-.107 


28 


.6^5 


.3951 


1.71 


-,11'4 


30 


.684 


.4380 


1.56 


-.125 


32 


.705 


.4746 


1.49 


-.113 . 


36 


."711 


'.5526 


1.29 


-.154 


40 


.698 


.6142 


1.14 


-.159 


44 


.655 


.6566 


1.00 


-.166 


+48 


+.596 


+.6992 


+ .85 


-.198 ■ 
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TABLE li^ 



M6 , biplane 

Zero stagger \ 
Av* tank press. = 21.0 atm. 
AV. dynamic press. s= 552 kg/m^ 
A-^rf Reynolds Number = 3,400,000 
Av* temperature = 39°C» 



Span' = 30 in^ {76.2 cm) 
0h6rd = 5 in. (i2*7 cm) . - 
Gap =s 6 in. (13*7 bm) 
Effective aspect' ratio=7,10 
Area =^ Orl936 m^ 
Date =: Nov. 24, 1926. 



Lift 
coefficient 
Ol 



Drag 
coefficient 



Ratio 
L/D 



Moment 
coefficient Ojj 
(about 25^ mean 

chord) 



-,085 
+.043 
.164 
.298 
.424 
.547 
.67^ 
.8b0 
.917 
1.03? 
1.13"3 
1.225 
1,242 
1.185 
1.061 
-949 
..885 
.729 
.757 
.709 
.645 
+.575 



+.0145 
.0127 
.0143 
.0185 
.0246 
,0331 
.0454 
.0583 
.0742 
.0&46 
.1138 
.1362 
,1762 
.2497 
.319^ 
.3646 
.4121 
.4439 
.5677 
,6l9b 
,6508 

+.6558 



-5.94 
+3.38' 
11.55 
16.11 
17.24 
16*47 
14.8S 
13^1'2 
12.37 
I0i9*6 
9*97 
9,0'3 
7.06 
4*73 
3^:32 
2.^0 
2.10 
l-'«4 
1.-38 
1.14 
.99 
+.88 



-.016 
-.005 
-.001 
+.011 
+.014 
+.012 
+.003 
+.008 
-.003 
\ +,003 
' +.007 
+.015 
+.007 
-.053 
-.067 
-.09^ 
-.112 
-.117 
-.142= 
-.144 
^^129 
-,*107 
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TABLE III. 



M6 biplane 
15° stagger 



Ay. tank press. = 1 atm. 

Av, dynamic press. = 25.2 kg/m' 

Av. Reynolds Number = 173,000 

Av. temperature » 20°0.' 



Span = 30 in. (76.2 cm) 
Chord = 5 in. (12.7 cm) 
Gap = 5 in. (12.7 cm) 
Effective aspect" ratio=7.10 
Area = 0.1936 m^ 
Date = Dec. 2, 1926. 



Ansie of 


Lift 


Draff 


Ratio 


Moment 


at t ack 


CO ef f i c i ent 


coefficient 


l/d 


coefficient Ojf 


decrees 


Or 


On 


(about 25^ mean 




chord) 


-2 


-.044 


+.0229 


-1.92 


-.010 


0 


+.070 




+3.33 


-,001 


+2 


.221 


.'(7221 


10.00 


-.003 


4 


.367 
.493 


.0296 


12.40 


-.008 


6 


,0363 


13.66 


+.011 


8 


.617 


.0475 


lo.OO 




10 


.73§ 


.0595 


12.30 


-.029 


12 


.322 


.0739 


11.12 


-.022 


14 


.900 


.0^09 


9.90 


+.003 


16 


,932 


.1059 


8.80 


+.002 


18 


.022 


.1515 


6.09 


-.018 


20 


.834 


.2279 


3.66 


-.048 


22 


.784 


.3004 


2.61 


-.090 


24 


.748 


.3521 


2.12 


-.132 


26 


.755 


.3999 


1.89 


-.155 


28 


.732 


.4311 


1.70 


-.163 


30 


.739 


.4730 


1,57 


-.160 


32 


.746 


.5089 


1.47 


-.178 


. 36 


.752 


.5958 


1.26 


-.232 


40 


.754 


.6713 


1.12 


-.259 


44 


.714 


.7341 


*97 


-.269 


+48 


+ .679 


+.7993 


+.85 


-.285 
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TABLE IV. 



M6 biplane 
15° stagger 

Av, tank press. = 20.8 atjn. 
■Av, dynamic press. = 581 kg/m^ 

Av. Rejmolds Number = 3,510,000 
. Av. temperature = 34®G. 



Span = 30 in. (76.2 cm. 
Chord = 5 in. (12*7 cm] 
Gap = 5 in. (12.7 bm) 
Effective aspect' ratio=7.10 
Area = 0.1936 m^ 
Date = Deo. 3, 1926. 



Angle of 

attack 

degrees 


Lift 

coefficient 

... 


Drag 
coefficient 


Ratio 

T M 


MoiQent 
coefficient oi£ 
(about 2079 mean 

Chora; 


-2 ' 


-.072 


+.0140 


-5.14 


-.009" 


0 


+ .0fe2 

* • www 


*<KL28 


+4.06 


•«.003 


+8 


.175 


.0143 


12.30 


.000 


4 


.300 


.0182 


16.50 


+.011 


6 


.421 


.0248 


16.98 


+.007 


8 


.541 


.0341 


15.90 


+.oo:b 


10 


,671 


.0463 


14.49 


+.008 


12 




.0599 


13.11 


+.009 


14 




.0759 


llc82 


+.017 


16 


l.OlB 


.0*955 


10.64 


+,02B 


18 


1.110 


> ,1148 


9.67 


+.002 


20 


1.181 


,-1405 


8.40 


-.P06 


22 


1,183 


.1856 


6.33 


-.027 


24 


1.164 


.2262 


5.14 


-.03^ 


26 


1.083 


.2953 


3.67 


-•<569 


28 


1.001 


.3424 


2.9'2 


. -.074 


30 


,894 






-.084 


32 


.839 


.4621 


1.82 


-.161 


36 


.788 


.5461 


1«44 


' -.168 


40 


.772 


.6465 


1*20 


-.192 


44 


.722 


.7018 


1,03 


-»185 


+48 


+.660 


+,7444 


+0.89 


-.174 
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TABLE V. 



M6 Tsiplaa# 

30^ stagger 

Av, tank press. = 1 atm. 
Av. dynamic press. = 25.6 kg/ma 
Av, Reynolds Number = 175,000 
Av. temperature = 18°0/ 



Span = 30 in. (76.2 om] 
Chord = 5 in. (12.7 cm) 
Gap = 5 in. (12.7 cm) 
Effective aspect" ratio=7.lO 
Area = 0.1936 ms 
Date = Dec. 7, 1926. 



Anerle of 


Lift 


Drag 


Ratio 


Moment 


attack 


coefficient 


coefficient 


l/d 


coefficient 


degrees 


Gt 

^L 




(about 25^ mean 




chord) 


•«2 


-.042 


+.^253 


-1.66 


-.001 


0 


+•071 


,0195 


+3.64 


-.008 


+2 


.2i5 


.0238 


9.04 


+.004 


4 


.363 


.0286 


12.69 


-.007 


6 


.501 


.0388 


12.91 


+.018 


8 


.619 


.0496' 


12.47 


-•019 


10 


.741 


.0699 


lOoSO 


-.005 


12 


.^46 


.0839 


lOoOS 


+.021 


14 


.908 


.0998 


9cl0 


+.020 


16 


.935 


.1261 


7.41 


-.010 


18 


.868 


.2063 


4.21 


-.040 


SO 


.837 


.2450 


3.42 


-.066 


22 


.825 


.2974 


2.77 


-.085 


24 


.810 


.3552 


2.25 


-.135 


28 


.804 


,4261 
.4661 


1.89 


-.162 


28 


.798 


1.71 


-.145 


30 


,797 


.5086 


1.56 


-.209 


32 


.801 


.5473 


1.46 


-.203 


36 


.804 


.63B5 


1.26 


-.250 


40 


.805 


.7245 


1.11 


-.276 


44 


,786 


.8036 


.98 


-.2^3 


•I-48 


+,'753 


+.8838 


+•85 


-.366 
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TABLE VI. 



M6 "biplane Span = 30 in. (76.2 cm J 

30^ stagger Chord = 5 in. (12.7 cm) 

Ay, tank press. = 20.7S atm. Gap = 5 in. (12.7 cm) 

Av, dynamic press. = 608 kg/m^ Effective aspect' ratio * 7.10 

Av, Reynolds N-umber = 3,680,000 Area - 0.1936 

Av. temperature « 29 0. Date = Dec. 7, 1926. 



Angle of 

attack 

degrees 


Lift 
coefficient 

*j 


Drag 
coefficient 
On 


Ratio 

l/d 


Moment 
coefficient Ojj 
(about 25^ mean 
chord) 


-2 


-.069 


+.Q158 


-5.0 


+.002 


0 


+.043 


.013X 


+3.4 


.013 


+2 


.182 


.0148 


12.3 


,008 


4 


.321 


.0200 


16.1 


.031 


6 


.452 


♦ 0276 


l6,4 


.022 


8 


.578 


.0379 


15,24 


.033 


10 


.710 


.0515 


13 o 81 


,022 


12 


.830 


.0666 


12o5 


.025 


14 


.954 


.0865 


11.05 


.017 


16 


1.063 


.1062 


10.00 


.02§ 


18 


1.161 


.1308 


8.87 


+ .006 


20 


1.182 


.1761 


6.71 


-.005 


22 


1.160 


.2^11 


5.02 


-.043 


24 


1.134 


.2707 


4,19 


-.069 


26 


1.080 


.3188 


3.38 


-.093 


28 


1,014 


.3894 


2.60 


-.141 


30 


,984 


.4495 


2.19 


-.185 


32 


. .927 


.5093 


1.82 


-.171 


36 


.864 


,6052 


1,43 


-.205 


40 


.812 


.6940 


1.17 


-.229 


44 


.776 


.7587 


1.02 


-.225 


+48 


+♦738 


+.829'7 


+.89 


-.243 
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TABLE VII. 
Table of Ordinates 



U.A.C.A.-MS Airfoil 



Station 
^ chord from 


Ordinate in ^ 


) chord 




JjO W 6f 


0 


.00 


.00 


1-1/4 


+1,97 


-1.76 


3-1/3 


3.81 


-2.20 


5 


4.03 


-2.73 


7-1/2 


4.94 


-3.03 


lb 


5.71 


-3.24 


15 


6.^2 


-3,47 


20 


7.55 


-3.6*2 


30 


8.22 


-3.79 


40 


8.05 


-3.S0 


50 


7.26 


-3.94 


60 


&.03 


-3.82 


70 


4.58 


-3.48 


§0 


3.06 


-2.83 


90 


1.55 


-1.77 


95 


.88 


-l.O'S 


100 


+.26 


- .26 



» 
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Fig-l M-6 biplane Tsrith 15° at agger i 
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Fig. 2 Polar and L/D curves. M-6,5" by 30" biplane. 

5" gap. 1 Atmosphere. Average Reynolds No. 174,000. 
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Fig. 3 Polar and L/D curves. M-6,5" by 30" biplane, 5^ gap, 30 
atmosplieres. Average Reynolds No.3, 500,000» 
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True polar curves. M-6,5" by 30" biplane. 
5" gap. 1 atmosphere. Average Reynolds Wo, 
174,000. 
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'Fig. 5 True polar curves. M-6 5" "by 30" biplane. 5" gap. 
20 atmospheres. Average Reynolds No. 3,500,000* 
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Fig. 8 




Fig, 6 



Momen-fe coafficients . M-6,5 



by 30" Mpl9-ne, 



5" gap. 




Fig. 7 Profile drag coefficients. 30 Atnospheres. Average Reynolds No. 3,500,000. 



